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Abstract 
The article presents principles and results of development of multisensory monitoring system based on optical emission 
registration in the visible and infrared range. Coaxial photodiode sensors embedded in the body of the camcorder. Non-coaxial 
sensors based on semi-hi speed CCD cameras. Coaxial and non-coaxial arrangement of sensors is provides. Tests confirmed that 
monitoring system tracking of defect formation at laser and laser-arc welding, such as porosity at aluminum alloys welding and 
presence/absence of full penetration. Additional signal processing algorithms (FFT, Wavelet) increases sensitivity of monitoring 
system to defects formation. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction 
Instabilities of the keyhole and molten pool, typical for welding with deep penetration, result in formation of 
defects which are specific for beam welding: root peaks, porosity, hamping as A. Matsunawa et al (2003) and Y. 
Kawahito et al (2007) shown. 
To guarantee the quality of welded joints in producing critical constructions it’s necessary to monitor the welding 
process. When a large volume of the same products are produced, on-line monitoring can provide high validity that 
is comparable to the traditional quality control methods as described by G. Berniga et al (2007) and Volchenko B.N. 
(1986), simultaneously with higher efficiency and productivity as A. Sun et al (1999) shown. For example P.-M. 
Mickel et al (2007) shown the importance of developing monitoring systems for the automotive industry. 
It is necessary to trace weld pool parameters for the monitoring systems of laser and laser-arc welding processes 
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to create. Since the direct measurement is not possible for all the parameters of the active zone, so it is reasonable to 
detection of indirect signals from the area of the laser or laser-arc exposure. Traditionally monitoring of laser and 
laser-arc welding processes is carried out basing on the registration and processing of signals such as optical 
radiation in wide wavelength range, the acoustic emission, and conductivity of plasma plume. Based on the results 
of theoretical analysis and simulation of thermal emissions from the weld pool Norman et al (2008) developed an 
algorithm for monitoring defects in laser welding based on the use of signals from the photodiodes in the infrared 
range. C. Brock et al (2013) determined welding defects based on detecting the position of the plasma plume. 
The main types of sensors for laser welding monitoring described by D.Y. You et al (2014). The registration of 
signals of different physical nature can improve the accuracy of monitoring systems. 
It should be noted that the task of secondary emission signals detecting from the active zone in the laser and 
laser-arc action is practically solved. However, the main problem needed to solve is ascertainment of «signal – 
defect» connection, and selection of processing algorithms of registered signals. For on-line monitoring it is 
necessary to select noise-protected signals with the simplest registration method and mathematical treatment. 
Optical sensors are the most widely used due to their simplicity, low cost and high efficiency. 
To find correlations between the information signals and the behavior of the active welding zone there are 
required integrated theoretical and experimental researches of unstable processes in welding with deep penetration. 
2. Simulation of the dynamic behavior of the weld pool at laser and hybrid laser-arc welding 
To analyze dynamic processes occurring in the weld pool during welding with deep penetration, as well as 
experimental methods it is appropriate to use mathematical and computer simulating based on physically-adequate 
mathematical description of the process of welding with deep penetration. 
Simulation of weld pool dynamics in welding with deep penetration was fulfilled using CAE system LaserCAD 
as present V. Lopota et al (2006). Description of dynamic processes in the weld pool is built on the basis of the 
variational principles and mechanics Lagrange formalism, described in detail G. Turichin et al (2011). It permits to 
describe with required accuracy all processes interesting for applications such as wave movement of the keyhole 
surface, time change of the weld pool shape and size and effect of keyhole movement on its depth and radius 
oscillations on the whole. 
 Examples of weld pool dynamics simulation at laser welding are presented in Fig. 1. 
 
 
 
Fig. 1. Results of the simulation using CAE system LaserCAD; (a) dynamics of the weld pool at laser welding with deep penetration (timeslot - 
5 ms). Pressure oscillation spectrum in the keyhole. Welding speed: (b) 5 cm/s; (c) 1 cm/s. 
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The simulation shows that various parameters of the weld pool have different oscillations spectra. The lowest 
frequencies (below 500 Hz) are typical for the keyhole radius oscillation. In the keyhole depth oscillation spectrum 
quantity of high frequency components is greater than in the radius oscillation spectrum. Waves on the keyhole 
surface have the highest-frequency spectra (up to 10 kHz). These spectra also depend on the keyhole depth. With 
increasing of keyhole depth, all the spectra are shifted toward lower frequencies. 
Simulation data about time change of the keyhole geometry and other active zone parameters allow us to 
calculate quantities such as the time-dependent luminosity of the plasma inside the keyhole and over the target 
surface, as well as the parameters of the acoustic signal from the welding zone. Using the simulation results, we can 
construct algorithm for welding process monitoring, identifying possible correlations in system «signal – defect». 
3. Experimental stand 
Experiments on laser and laser-arc welding aimed at developing methods of monitoring of technological 
processes were carried out using laser-arc technology complex in the Institute of Laser and Welding Technologies 
(ILWT SPbSTU). Ytterbium fiber laser with maximum power of 15 kW was used as laser source. Laser radiation 
was transported over fiber to the focusing head Precitec YW50 with focal length of 400 mm. To implement the 
hybrid laser-arc technology energy of electric arc is supplied into the area of laser irradiation by using standard arc 
torches. Welding rectifier VDU - 1500 DC (NPF «ITS») and inverter power source Phoenix 520 RC PULS (EWM 
Hightec Welding GmbH) were used as arc sources. 
Registration of fast processes in the laser and laser-arc action was carried out by high-speed video camera. At 
high-speed shooting plasma plume the camera recorded its own glow and additional lighting is not required. Use of 
filters allowed shooting in concrete spectral range. 
Additional lighting by diode laser wavelength of 810 nm was used for experimental research of the melt 
dynamics in weld pool with high-speed shooting. 
The spectral composition of plasma plume optical emission was analyzed by spectrograph. Temporal dynamics 
of plasma plume luminosity was analyzed using registration system based on silicon pin-photodiodes. General view 
of the laboratory bench for recording and analyzing signals of secondary emission from the zone of laser and laser-
arc action is shown in Fig. 2. 
 
 
 
Fig. 2. Laboratory bench for registration secondary emission signals 
Experiments carried out on this bench, allowed to formulate specifications for sensors of the monitoring system 
for laser and laser-arc welding. 
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4. Development of multisensory monitoring systems 
Optical emission from the laser and laser-arc exposure area has been selected as the main information signal in 
creating monitoring system. The analysis of the spectral composition of the optical emission, as well as published 
data in paper E.A.I. Eriksson et al (2009) showed that three characteristic zones can be isolated in the optical 
spectrum: own plume light (400-700 nm), the band of the reflected laser light (1070 nm), thermal emissions from 
the weld pool (1100 - 1800 nm). 
For registration of optical radiation in the visible and near-infrared ranges sensors have been developed on the 
basis of Si-photodiodes. A photodiode was chosen to register thermal emissions from the weld pool. This 
photodiode is designed for IR radiation in the range of 0.8-2.4 microns (heterostructure with InGaAsSb-active layer 
and AlGaAsSb - «window» grown on GaSb-substrate). Spectral selection in sensors was performed by using 
bandpass interference filters. 
The general concept of the monitoring system involves observation of the active zone of the different spatial 
positions. There is provided a possibility of both coaxial and non-coaxial disposition of sensors. A regular coaxial 
channel of the focusing laser heads is used for the coaxial disposition of sensors. It is for installing a camera of 
vision-based inspection system. 
For the monitoring system to be conveniently preset and for non-coaxial sensors to be simply focused on the 
research region CMOS-camcorders were integrated in their optical path by using the beam splitter cubes. Scheme of 
noncaxial sensor is shown in Fig.3. 
 
 
 
Fig. 3. Non-coaxial sensor of monitoring system. 
In addition to the function of preliminary guidance the cameras provide the ability to monitor the dynamics of the 
researched region (the spatial position of the plasma plume, the shape of the weld pool) with frequency up to 200 Hz 
(see Fig.4). 
 
     
Fig. 4. Frames from camera of non-coaxial sensors. (a) plasma plume; (b) welding pool. 
(a) (b) 
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    Directly in the body of each sensor there is amplification board of photodiode signal with controlled gain 
coefficient. After preamplification analog signal from the photodiode is transferred to the ADC unit, which is 
converted into digital form. From ADC block signals of the all sensors are transmitted to computer of the 
monitoring system using Ethernet-interface. Information from the cameras is transmitted to computer using the 
interface USB. Disposition in the working area is shown in Fig.5. 
 
 
Fig. 5. Sensors location in the working zone 
    Besides secondary emission signals the monitoring system also allows you to register and keep some of the 
operating parameters of the technological process: laser power, voltage and current of electric arc. 
   Visualization, processing and recording of traceable signals is fulfilled by using specially designed software. 
This software allows on-line monitoring the signals dynamics from the sensors of the monitoring system, as well as 
carrying out their processing using fast Fourier transformation, wavelet transformation, averaging algorithms, etc. 
Also the system has an option of automatic registration of «events» in the original and processed signals for the 
specified criteria. The data obtained from the sensors can be translated into text format or Excel format for further 
more detailed treatment. 
 
(a)  
(b)  
(c)  
Fig. 6. Model weld samples. (a) series of holes in the junction with diameter 1 mm, 2mm, 3 mm; (b) aluminum inserts with diameter 1.2 mm; (c) 
partially oxidized joint surface. 
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5. Approbation of multisensory monitoring systems 
To verify efficiency of the monitoring system there were done a series of experiments on laser and laser-arc 
welding of model samples. Samples were made of high tensile steel PCE 36 and aluminum alloy AlMg6 so as to 
ensure guaranteed defects formation in the welding seam. View of model samples are shown in Fig.6. 
Also in tests there were used samples with variable thickness. Thus by means of monitoring system sensors 
detected the secondary emission signals from the zone of the laser and the laser-arc action. Use of the model 
samples allowed investigating «feedback» of signals for changes in the process of the weld formation due to the 
presence of factors provoking the formation of defects. 
6. Results and discussion 
Depending on disturbances value in the welding pool caused by the specifics of preparation of the model samples 
moments of defect formations can be detected directly in the input signals from sensors of the monitoring system, as 
well as by additional processing. 
Example of a signal from non-coaxial plasma sensor at laser welding of the joint with aluminum inserts is shown 
in Fig.7. 
 
 
Fig. 7. Signal from non-coaxial plasma sensor (plume luminosity). 
 
Spikes in the signal correspond to the location of aluminum inserts in the joint. So, it is possible to develop a 
monitoring algorithm for the formation of defects associated with the removal of the melt away from the weld pool, 
for example, at welding of galvanized steels. 
It should be noted that the sensitivity of the different sensors to formation of one type defects is different. Thus, 
for example, splash of the melt from the weld pool is good reflected in the signal of the plasma sensor and extremely 
less in the sensor signal of the reflected laser radiation. In its turn, information capability of one or another signal is 
determined by kind of defect and raw signals from the sensors do not always allow concluding about the weld 
formation process. Figure 8 shows the signal from the sensor of the melt thermionic emission at step change of laser 
power from 9 to 15 kW and the transition from the blind to through penetration. 
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Fig. 8. Signal from the melt thermionic emission sensor. 
 
   Presence of low-frequency oscillation is likely not connected with temperature fluctuations in the surface of the 
weld pool, but with change of its shape, including variations of penetration depth. In cases where changes in the 
seam formation process are not directly reflected in the registered signals (Fig.9), they need to be further processed 
and analyzed. In the analysis of non-stationary signals wavelet transform has several advantages in comparison with 
the widespread Fourier transform primarily due to its locality as described by A.N. Yakovlev (2003). In using 
Fourier transform the local features of the signal (breaks, steps, peaks, etc.) gives subtle components of the 
spectrum, and it is practically impossible to detect these features, and especially their location and nature. Unlike 
Fourier transform wavelet transform allows to detect local features of the signal. The said above in any case does not 
negate the possibility of using Fourier transform algorithm in designing the monitoring process. As an application of 
wavelet transform in monitoring laser-arc welding of aluminum alloys result of wavelet transform signal from a 
plasma sensor (Fig.9) at laser-arc melting of plate of AlMg6 alloy with variable thickness is shown on Fig.10. 
 
 
 
 
Fig. 9. Dynamics of plume luminosity at laser-arc welding of samples with variable thickness. 
 
 
Fig.10. Distribution variance of the wavelet coefficient of the 1st level, resulted from wavelet transform of the signal from the plasma sensor 
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Special attention during the test of monitoring system was attend to determine a possibility of monitoring the 
porosity in the weld at laser-arc welding of aluminum alloys. To increase the likelihood of pore formation the 
welding process was carried out under reduced flow rate of shielding gas and without preparation of edges. The 
result welds were tested by standard radiographic methods. Additional graphical processing and analysis of X-rays 
photographs showed the pore quantity and area distribution along the welds. Comparison of obtained distributions 
with the sensor signals of the monitoring system is shown in Fig.11 and 12. 
 
 
 
 
X-ray photograph of the weld 
 
 
 
 
 
Appearance of the weld and the distribution of the number of pores along the weld 
 
 
 
 
 
The signal from the sensor of reflected laser radiation 
Fig.11 Signal response of sensor of reflected laser radiation. 
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weld surface  
 
 
 
X-ray photograph of the weld  
 
 
 Distribution of the pores area along the weld  
 
 
 
Coaxial plasma signal  
 
Fig.12. Signal response of the coaxial plasma sensor to change the level of porosity. 
The presented results confirm the ability to monitoring of  porosity level in weld using the developed system. 
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7. Conclusion 
Development of the control and monitoring systems of technological process at laser and laser-arc welding is still 
actual problem. The use of such systems is prerequisite for the adoption of these technologies into the industrial 
production. 
To solve this problem there have been carried out researches of the weld pool dynamics and defined basic 
mechanisms of defects formation specified for welding with deep penetration. There were also analyzed secondary 
emission signals coming from the laser and laser-arc action zone and developed sensors to register them. 
The presented monitoring system is based on registration of optical emission in different spectral ranges (400-600 
nm – «plasma» sensor; 1070 nm - reflected laser radiation sensor; 1100-1800 nm - sensor of thermal emissions from 
weld pool). The sensors are placed both coaxially and non-coaxially to the laser beam. Non-coaxial sensors are 
equipped with video cameras, simplifying the process guidance, and allow tracing the spatial variation of the active 
zone. Synchronous registration, processing and recording of signals is realized by using specially designed software. 
To verify functionality of the monitoring system, series of experiments on welding of model samples was carried 
out. Test results confirm the ability to weld formation monitoring using the proposed multi-sensor monitoring 
system. 
However, to use the monitoring system in real production it requires further research aimed at understanding the 
characteristics of particular process, identifying typical for this process defects and adaptation monitoring system for 
this technological process. 
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